CD40 induces B cells to switch to IgE in the presence of IL-4 and up-regulates their expression of the low-affinity receptor for IgE, CD23, which promotes the immune response to allergen complexed with IgE antibody. CD40 binds to CD40L and to the C4b-binding protein (C4BP) using distinct sites. CD46 is a receptor for the product of activated complement C4b. Some microbial antigens bind both C4BP and CD46, potentially bridging CD40 to CD46. In addition, immune complexes containing both C4b and C4BP may cross-link CD40 to CD46. We demonstrate that cross-linking CD46 to CD40 on B cells inhibits CD40-mediated up-regulation of surface CD23 expression and induction of IL-4-dependent IgE isotype switching. This was associated with inhibition of induction of Ce germ line transcripts and of activation-induced cytidine deaminase mRNA expression. Furthermore, co-ligation of CD46 to CD40 blocked CD40-mediated NF-kB activation. These observations suggest that complement components may play an important role in regulating CD40 activation of B cells and the allergic response.
Introduction
CD40 is a member of the tumor necrosis factor receptor superfamily expressed on all mature B cells. CD40 ligation induces Ig isotype switching to IgE in the presence of the cytokines IL-4 or IL-13 (1) . CD40 plays an important role in allergic inflammation not only by virtue of induction of IgE synthesis but also because of its up-regulation of CD23 expression on B cells (2) . Capture of allergen bound to IgE antibody via CD23 potentiates allergen presentation by B cells to T h cells and results in the amplification of the IgE antibody response (3, 4) . Furthermore, CD23 can up-regulate IgE synthesis (5, 6) .
Antigen-antibody containing immune complexes activate the classical complement pathway. This involves activation of C1qrs and subsequent proteolytic cleavage of C4 and C2. C4 cleavage generates a small fragment, the fluid phase C4a component and a major fragment, C4b (200 kDa). C4b binds covalently to free NH2 groups in the immune complexes and, following C1s cleavage of C2, leads to the formation of the C4b2a complex. C4b2a cleaves C3 into the fluid phase C3a component and C3b, which is retained on the antigen-antibody complex. Both C3b and C4b are recognized by the cellular receptors CD46 and CD35, which function as co-factors for factor I-mediated C3b and C4b cleavage (7) (8) (9) .
CD46 is expressed on many cells, including B cells. CD46 also serves as the receptor for several human pathogens. These include measles virus (10) , adenoviruses (11) , human herpes virus 6 (12), group A streptococcus M proteins (13) and Neisseria gonorrhea (14) . The extracellular domain of CD46 is composed of 60 amino acids short consensus repeats, a characteristic of many C3/C4-binding proteins that include CD21 and CD35. CD46 exists in two isoforms that arise by alternative splicing and that differ in their intracytoplasmic region (15) . Mutations in CD46 predispose to development of familial hemolytic uremic syndrome (16) .
The C4b-binding protein (C4BP) is a regulatory component of the classical complement pathway. It circulates in human plasma in three isoforms based upon different combinations of a-(70 kDa) and b-(45 kDa) chains that are covalently linked by disufide bonds between their C-terminal regions, conferring a spider-like configuration (17) . The predominant isoform contains seven a-chains and one b-chain (a7b1). Two minor isoforms consist of a7b0 and a6b1. Initially discovered as a widely expressed C3b-and C4b-binding protein, C4BP was subsequently shown to be a cofactor for the serine protease factor I, to inactivate by limited proteolysis these two components of the C3 convertase (7). C4BP also binds serum amyloid protein A (18), protein S (19) and a number of microbial agents. These include Streptococcus pyogenes M proteins (20, 21) , Bordetella pertussis (22) , N. gonorrhea outer membrane porin (Por) proteins (23) , Candida albicans (24), Moraxella catarrhalis (25) and the fiber knob domain A of adenovirus (26) . C4BP has been also shown to bind to CD40 on human B cells at a site distinct from that used by CD40L (27) . Since B cells express the C4b receptor CD46, antigens, microorganisms and immune complexes that contain both C4BP and C4b have the potential to cross-link CD40 to CD46 on B cells. We show that cross-linking CD40 to CD46 significantly inhibits CD40-mediated up-regulation of CD23 expression, induction of IL-4-dependent IgE isotype switching and NF-jB activation in B cells.
Methods

Reagents
The anti-CD40 IgG1 mAb 626.1 was a gift of Dr S. M. Fu (University of Virginia, Charlottesville, VA, USA). Human CD40L:mouse CD8 fusion protein (sCD40L) was purchased from Ancell (Bayport, MN, USA). Anti-CD46 mAb GB-24 (IgG1 isotype) was a kind gift of Dr J. Atkinson (Washington University, St Louis, MO, USA). Mouse mAb to human CD21 clone BL-B21/3 (IgG1 isotype) was from Monosan (PB Uden, The Netherlands). Goat anti-mouse IgG (Fab)#2 (GAMIG) was obtained from Jackson Research Laboratories (Bar Harbor, ME, USA).
Cells
Human PBMCs were purified from normal donors after informed consent, using Ficoll-Paque (GE Healthcare, Boston, MA, USA) density gradient centrifugation as previously described (28) . B cells were prepared from PBMCs by negative selection using a Dynal kit (Dynal Inc., Oslo, Norway) and contained >96% CD19 + cells. Cells were suspended in RPMI-1640 medium containing 10% FCS. The human Burkitt lymphoma cell line Ramos was obtained from American Type Culture Collection ( (Manassas, VA, USA).
Flow cytometry
To examine CD40-mediated up-regulation of CD23 expression, 1 3 10 6 cells were stimulated with anti-CD40 mAb (0.5 lg ml À1 ) or with sCD40L (0.5 lg ml À1 ) in the presence or absence of mAbs to CD46 or CD21 (0.5 lg ml À1 ) followed by addition of GAMIG at 0.5 lg ml À1 . After 24 h, the cells were stained with mouse anti-human CD23-PE and FITCconjugated mouse anti-human CD20 (PharMingen, San Diego, CA, USA). A minimum of 10 000 events were acquired and analyzed using a FACScalibur flow cytometer (Becton Dickinson Biosciences, Mountain View, CA, USA). Percent inhibition of CD23 expression was calculated as follows: ) or anti-CD21mAb (5 lg ml À1 ), with or without GAMIG. Proliferation was measured at day 4 using [ 3 H]-thymidine incorporation. For IgE synthesis, supernatants were harvested from 14-day cultures and assayed for IgE production by ELISA as previously described (29) .
Reverse transcription-PCR for Ce germ line transcripts and activation-induced cytidine deaminase RNA was extracted from cultured B cells on day 4 using TRIzol (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed by Supercript II RT (Invitrogen) according to manufacturer's instructions. PCR primers used for Ce germ line transcripts (GLT), activation-induced cytidine deaminase (AID) and the housekeeping gene GAPDH were as previously described (27, 30) . Reverse transcription (RT)-PCRs were performed on various dilutions to ensure that the products intensities were compared within the exponential phase of the reaction.
Electromobility shift assay for NF-jB
A single-stranded oligonucleotide corresponding to the NFjB site in the Ig j light chain enhancer sequence (5#-AGT TGA GGG GAC TTT CCC AGG C-3#) was 5#-end-labeled with c-[
32 P]-ATP, annealed and purified by PAGE. Nuclear extracts were prepared as previously described (31) 
Western blot analysis
Purified B cells were stimulated with medium or anti-CD40 with or without anti-CD46 or anti-CD21 in the presence of GAMIG for 5 and 10 min. Total cell lysates were analyzed on 12% Tris-HCl acrylamide gel and the membrane was probed with anti-phospho-IjBa (Cell Signaling, Danvers, MA, USA) and reprobed with actin (Chemicon International, Temecula, CA, USA) as loading control.
Statistical analysis
The Students's t-test was used to compare differences between groups.
Results
Cross-linking CD46 to CD40 inhibits up-regulation of CD23 expression
We examined the effect of cross-linking CD40 to CD46 on CD23 expression in PBMCs. Figure 1(A) shows that CD40 ligation up-regulates the expression of the low-affinity receptor for IgE, CD23, on CD20 + B cells. Cross-linking CD40 and CD46 using mouse mAbs, followed by goat anti-mouse IgG (GAMIG), inhibited CD40-mediated up-regulation of CD23 expression on B cells as assessed by measuring the percentage of B cells that expressed CD23 and the mean fluorescence intensity (MFI) of CD23 expression on the CD23 + cells (Fig. 1A) . In four experiments, cross-linking of CD40 with CD46 resulted in 70 6 11% inhibition (P < 0.05) of the percentage of B cells that were induced to express CD23 and in a 48 6 12% decrease (P < 0.05) in the MFI of CD23 expression by CD23 + cells. In contrast, cross-linking of CD21 to CD40 had no significant effect on the percentage of B cells that were induced to express CD23 (7 6 6% change, n = 4, P > 0.05) or on the MFI of CD23 + B cells (10 6 11% change, n = 4, P > 0.05). Cross-linking of CD46 or CD21 by itself had no effect on CD23 expression (Fig. 1A) .
Inhibition of CD40 up-regulation of CD23 expression upon cross-linking CD40 to CD46 with mAbs followed by GAMIG could have been due to negative signals generated by homologous cross-linking of CD46. Alternatively, it may have been strictly dependent on the co-ligation of CD40 with CD46. To distinguish between these possibilities, we independently ligated CD40 and CD46 using a soluble CD40L:CD8 fusion protein (sCD40L) and mAb to CD46 followed by GAMIG, respectively. Cross-linking CD46 independently of CD40 caused no inhibition of CD23 up-regulation induced by CD40 ligation (Fig. 1B) . This suggests that coligation of CD46 with CD40 is necessary to inhibit CD40 signaling.
To test whether the inhibitory effect of CD40/CD46 ligation is directly exerted on B cells, we examined up-regulation of CD23 in highly purified peripheral blood B cells (>96% CD19 + cells). Figure 2 shows that co-ligation of CD46 to CD40 on purified B cells caused inhibition of CD40 upregulation of CD23 expression as assessed by measuring the percentage of CD23
+ cells and the MFI of CD23 expression on these cells. In three experiments, co-ligation of CD46 and CD40 on purified B cells significantly decreased the percentage of B cells that expressed CD23 by 61 6 12% (P < 0.05) and reduced the MFI of CD23 expression on the positive cells by 41 6 14% (P < 0.05). Co-ligation of CD40 and CD21 had no significant effect on the percentage of B cells that expressed CD23 or on the MFI of CD23 expression. As in PBMCs, cross-linking of CD46 or CD21 did not have an effect on CD23 expression by purified B cells (Fig. 2) . These results indicate that cross-linking of CD46 to CD40 inhibits CD40 signaling in a B-cell autonomous fashion.
Cross-linking CD46 to CD40 inhibits IgE synthesis
We examined whether CD40 cross-linking to CD46 inhibits IgE synthesis in response to anti-CD40+IL-4. Figure 3A shows that co-ligation of CD40 to CD46 significantly inhibited IgE synthesis in PBMCs stimulated with anti-CD40+IL-4. In three experiments, co-ligation of CD40 to CD46 resulted in 51 6 18% inhibition of IgE synthesis (P < 0.05). In contrast, ligation of CD40 to CD21 had no significant effect on IgE synthesis. In the absence of GAMIG, CD46 ligation by itself had no effect on IgE synthesis induced by anti-CD40 + IL-4 (Fig. 3A) . Stimulation of B cells + cells) were stimulated with mAb to CD40 in the absence or presence of mAb to CD46 or to CD21, followed by cross-linking with GAMIG and analyzed as described for PBMCs in Fig. 1 with anti-CD46 + IL-4 or anti-CD21 + IL-4 caused no detectable IgE production (data not shown).
Class switching by CD40 ligation and IL-4 is linked to cell division (32) . Cross-linking CD46 to CD40 had no significant effect on B-cell proliferation in response to anti-CD40+IL-4 as measured by 3 H-thymidine incorporation (Fig. 3B) . Inhibition of IgE synthesis by co-ligation of CD40 and CD46 was not associated with increased apoptosis or cell death, as assessed by annexin V and propidium iodide staining (data not shown). CD46 ligation by itself had no detectable effect on the increased survival of B cells in response to stimulation with IL-4 (data not shown).
Cross-linking CD46 to CD40 inhibits Ce GLT and AID expression CD40 ligation synergizes with IL-4 to induce Ce GLT and expression of AID, which is essential for deletional switch recombination (33) . Figure 4 shows that, as expected, CD40 ligation and IL-4 synergized to induce Ce GLT and AID mRNA expression in purified B cells. Cross-linking CD40 to CD46, but not CD21, inhibited Ce GLT and AID mRNA expression. Cross-linking of CD46 or CD21 by itself had no effect on Ce GLT and AID mRNA expression (data not shown) but had a modest enhancing effect on IL-4 induction of Ce GLT (Fig. 4) .
Cross-linking CD46 to CD40 inhibits CD40-driven nuclear NFjB-binding activity CD40 ligation induces nuclear translocation and activation of the transcription factor NF-jB (34) . NF-jB plays an important role in CD40-mediated up-regulation of CD23 expression and in anti-CD40 + IL-4-mediated induction of Ce GLT and AID mRNA expression in B cells (35, 36) . As expected, cross-linking of CD40 on Ramos B cells induced nuclear NF-jB-binding activity as determined by increased intensity of the broad high-molecular weight gel-shifted band on electromobility shift assay (Fig. 5A) . The gel-shifted band was specific for NF-jB because it was competed out by a 100-fold excess of cold NF-jB oligonucleotide but not OCT-1 oligonucleotide (data not shown). Cross-linking of CD46 to CD40 inhibited nuclear NF-jB-binding activity. In contrast, cross-linking of CD21 and CD40 had no discernible effect (Fig. 5A ). Ligation of CD46 or CD21 by itself did not induce nuclear NF-jB-binding activity (data not shown). Inhibition of CD40-driven NF-jB activation by cross-linking with CD46 was confirmed in primary B cells. NF-jB activation by CD40 involves phopshorylation of IjBa, which leads to its ubiquination and degradation. This results in release of NF-jB and its translocation to the nucleus. CD40 crosslinking caused phopshorylation of IjBa in purified B cells. Cross-linking CD40 to CD46, but not to CD21, inhibited CD40-mediated IjBa phopshorylation (Fig. 5B ).
Discussion
We demonstrate that cross-linking of CD46 to CD40 inhibits CD40-mediated up-regulation of CD23 expression and IgE isotype switching in B cells.
Inhibition of CD40-mediated up-regulation of CD23 by cross-linking CD46 to CD40 was specific because it was not observed when CD40 was cross-linked to the C3d/C3dg receptor CD21 (Fig. 1A) . Inhibition was observed with purified B cells (Fig. 2) , indicating that the inhibitory effect can be exerted directly on B cells. Inhibition of CD23 expression required co-ligation of CD40 and CD46 because it was not observed when these two receptors were ligated independently, using sCD40L and mAb to CD46 (Fig. 1B) . This suggests that clustering of CD46 with CD40 is important for the inhibition of CD23 expression.
Cross-linking of CD40 to CD46 inhibited CD40-mediated IL-4-dependent IgE isotytpe switching by purified B cells (Fig. 3A) . This inhibition was specific, because cross-linking of CD40 to CD21 had no effect on IgE synthesis, and was not due to interference with either the viability or the proliferation of the B cells in response to stimulation with anti-CD40 + IL-4 ( Fig. 3B and data not shown) . At the molecular level, co-ligation of CD46 to CD40 strongly inhibited both Ce GLT and AID mRNA expression in response to anti-CD40+IL-4. Cross-linking of CD46 by itself modestly synergized with IL-4 in inducing Ce GLT, in agreement with a previous study in Ramos B cells (37) . Thus, it is likely that the inhibition of Ce GLT mRNA expression by cross-linking CD46 to CD40 in IL-4-stimulated B cells was exerted at the level of the CD40 signal. The modest synergy of CD46 ligation with IL-4 in inducing Ce GLT is unlikely to be explained by activation of NF-jB, as CD46 ligation did not induce nuclear NFjB-binding activity (data not shown); its mechanism is at present not known. Cross-linking of CD21 also modestly synergized with IL-4 in the induction of Ce GLT, consistent with previous observations (38) . Despite their synergy with IL-4 in inducing Ce GLT, ligation of CD46 or CD21 failed to induce AID mRNA expression and did not cause IgE isotype switching in IL-4-stimulated B cells (data not shown).
CD40 ligation activates NF-jB (39) . There are NF-jB sites in the CD23, Ie and AID promoters. Induction of Ce GLT and AID expression, as well as IgE isotype switching, is impaired in p50-deficient mice (40) . More importantly, NF-jB plays an important role in CD40-mediated CD23 gene transcription (35, 41) , as well as in CD40-mediated amplification of IL-4-induced Ce GLT (42) and induction of AID mRNA expression (43) . Our results demonstrate that co-ligation of CD46, but not CD21, inhibits CD40-mediated induction of NF-jB activation in B cells, as evidenced by inhibition of DNA-binding activity in B-cell lines and of IjBa phopshorylation in primary B cells (Fig. 5) . Inhibition of NF-jB activation is likely to underlie the inhibition of CD23, Ce GLT and AID mRNA expression following cross-linking of CD46 to CD40. We cannot rule out inhibitory effects of CD46 crosslinking on other CD40 signaling events that are important for the expression of these genes and/or on the expression of other genes or activation of molecules that are important for class switching to IgE.
Protein tyrosine kinases play an essential role in CD40 signaling (44) (45) (46) . CD46 ligation in monocytes causes recruitment of the SH2-containing tyrosine phosphatase-1 (SHP-1) (47). A similar finding was observed in purified blood B cells (data not shown). Cross-linking of CD46 to CD40 might result in SHP-1-mediated tyrosine dephosphorylation of signaling molecules that are critical for CD40-mediated NFjB activation, CD23 up-regulation and isotype switching. Further work is needed to address the mechanism by which ligation of CD46 to CD40 inhibits CD40 signaling.
Streptococcal M protein N. gonorrhea and adenovirus may directly bridge CD40 to CD46 since they bind both molecules (11, 12, 14, 20, 21, 23, 26) . Immune complexes that contain C4b and C4BP may also bridge CD46 and CD40. There are data to suggest that the binding sites on C4b for CD46 and C4BP may be distinct (48, 49) . The binding site for CD40 on C4BP has not been precisely mapped but is likely to be at the C-terminal end of the C4BPa chain (27) and thus is probably distinct from the binding site for C4b, located at the N-terminal end of C4BPa (50) . Even if the binding sites for C4b and CD40 overlap, different C4BPa subunits in the multimeric C4BP molecule may individually bind CD40 or C4b, allowing C4BP and C4b to bridge CD40 to CD46. CD40-driven isotype switching occurs in germinal centers, which contain C4BP (27) . Cross-linking of CD40 to CD46 on B cells may serve as a feedback mechanism to down-regulate T cell-dependent CD40-driven antibody responses. In the case of IgE antibody, this inhibition may be accentuated by inhibition of CD23 expression because CD23 potentiates allergen-specific T cell and B cell interaction by focusing allergen-IgE complexes on B cells (4) . Cross-linking CD46 to CD40 may provide a novel strategy to inhibit IgE antibody responses and a potential therapy for allergic diseases.
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